We previously demonstrated that an essential step in the pathogenesis of bacillary dysentery is the penetration of host intestinal epithelial cells by the pathogen (10) . Mutant strains of dysentery bacilli which lack the ability to penetrate intestinal epithelial cells are avirulent, and animals fed such cultures react for the most part similarly to those fed Escherichia coli (10; H. Schneider and S. B. Formal, Bacteriol. Proc., p. 66, 1963) .
Since Shigella flexneri is genetically related to E. coli (4, 7, 8) , it should be possible to prepare shigella hybrids which are unable to penetrate the intestinal barrier. In previous studies of this type, we have already incorporated into the shigella genome segments covering approximately 50% of the E. coli chromosome. Such hybrids remained consistently unaltered in their virulence with but one exception; after the E. coli xyl-rha region was transferred to shigella, the hybrid strain failed to cause overt disease when fed to experimental animals (4) . This hybrid class, however, still retained the ability to penetrate the intestinal barrier. The failure of these hybrids to produce disease was due to an inability of hybrid cells to persist in the intestinal mucosa for a sufficient time after penetration (8) .
The purpose of this communication is to summarize recent genetic studies on S. flexneri in which we have attempted to alter the ability of the pathogen to penetrate epithelial cells. There are several procedures which one can employ to assess the ability of a shigella strain to penetrate intestinal epithelial cells. The most convenient, we have found, is the Sereney test which measures the capability of the organism to cause keratoconjunctivitis (15) . This in turn is a measure of its capacity to penetrate the epithelial cells of the cornea (10, 14) . By means of the Sereney test as a screening procedure for epithelial cell penetrability and genetic experiments involving intergeneric matings and transduction, we detected a locus in one area of the chromosome which controls epithelial cell penetration. Since other loci controlling epithelial cell penetration must exist, we have tentatively termed this locus kcpA (keratoconjunctivitis provocation).
MATERIALS AND METHODS
Bacterial strains. The bacterial strains employed in this study and their characteristics are listed in Table 1 .
Media. Penassay Broth (Difco) and meat extractagar were employed for routine cultivation of bacterial strains. The composition of minimal medium, used in genetic experiments for selecting and scoring recombinant hybrids, was previously described (4 (11) . L agar and L soft agar were used for phage assays.
Mating procedure. After growth overnight in Penassay Broth, 10-ml portions of donor and recipient cells were washed with 0.85% saline and suspended in 1.0 ml of saline. At this time, 0.1 ml of the male cell suspension and 0.1 ml of the female cell suspension were plated separately (as controls) and together (for mating) on appropriate minimal selective agar. After incubation at 37 C for 2 days, recombinant colonies were picked and purified by streaking on the original selective medium.
Pr,eparation of phage Pl lysates. P1 vir phage was grown on suitable E. coli K-12 and S. flexneri hosts by the soft agar layer method (1). Usually, 10 plates of L agar overlayer were prepared by adding enough P1 vir to host cells to yield almost confluent lysis. After overnight incubation at 37 C, 5.0 ml of L broth was added to each plate; the overlayers were scraped and macerated and then centrifuged to remove the agar and debris. The resulting supernatant fractions were pooled, sterilized by filtration (0.45 Mm pore size; Millipore Corp., Bedford, Mass.), and preserved with chloroform (0.3 ml of CHCl3 per 10 ml of lysate). The number of plaque-forming units per ml of lysate was determined by soft agar layer titrations.
Transduction procedure. Recipient strains were streaked on L agar and, after growth overnight, were harvested into 10 ml of L broth (about 1010 cells/ml). Phage P1 vir was added to a 5.0-ml portion to achieve the desired phage-bacterium input ratio (usually one phage per five cells). A control (5.0-ml sample) of cells was treated with L broth instead of with phage. After 20 min of incubation, the suspensions were treated with saline-citrate buffer, centrifuged, and resuspended in 0.5 ml of saline-citrate buffer. At this time, 0.1-ml portions were plated on appropriate selective medium.
Isolation of mutants. One-tenth milliliter of aqueous solution containing 409 ,ug of N-methyl-N'-nitro-Nnitrosoguanidine (NTG) was added to 1 ml of a 10-fold concentrate of an overnight Penassay Broth culture of the parent strain. This was incubated for 25 min at 37 C, after which 4 ml of Penassay Broth was added. After 3 hr of additional incubation at 37 C, the culture was diluted, spread on nutrient agar plates, and incubated overnight. Mutants detected by replica plating to appropriate minimal media were repurified by streaking and were scored for their nutritional requirement.
Guinea pig keratoconjunctivitis test. Details of the guinea pig keratoconjunctivitis test have been described (13) . Strains considered to be virulent enter the corneal epithelial cells and cause keratoconjunctivitis (10, 14) . To insure against the possibility of false-negative reactions, broth suspensions of agargrown bacteria containing 2 X 1010 cells per ml were employed. This is 10 to 100 times the number of bacteria usually required for a virulent strain to cause a positive reaction. A drop of this suspension was deposited into the conjunctival sac of a guinea pig, and the animal was observed daily for 72 hr. A reaction was considered to be positive if the cornea became opaque and conjunctivitis developed.
RESULTS
Intergeneric matings. For initial studies, we employed S. flexneri 2a strain 191b as a recipient and, as donors, several E. coli K-12 Hfr strains which differed in their point of origin and polarity of chromosome transfer (Fig. 1) After 2 days of incubation, hybrid clones were purified by streaking on the original selective medium and were scored for the acquisition of nonselected markers and for their capacity to provoke keratoconjunctivitis. It soon became apparent ( Table 2 ) that many hybrids which had inherited either the lac or gal chromosomal markers of E. coli, regardless of the Hfr used, also lost the capability to give a positive Sereney test. This is particularly evident with Hfr Hayes, Hfr KL96, and Hfr AB311, whose polarity of transfer result in strong linkage between the lac and gal markers ( Fig. 1 ). With these donor strains, 100% of the hybrids in classes that inherited both the lac and gal loci failed to yield a positive keratoconjunctivitis test. In instances where the S.
flexneri hybrids had inherited either the gal or lac locus, some lost and some retained their ability to cause keratoconjunctivitis. With W1895, which has a point of origin between the lac and gal loci (hence resulting in no detectable genetic linkage between them), all of the hybrids tested remained unchanged in their capacity to provoke a positive Sereney test. Serological tests indicated that all of the lac+-gal+ hybrids had lost the type-specific II antigen. Since it has been previously shown that gene(s) controlling the type-specific II antigen of S. flexneri are linked to the lac operon (7, 12) , this change in serological properties after hybridization with the E. coli lac chromosomal region was anticipated. Retention of type II antigenic specificity by hybrids, however, was not necessary for the maintenance of virulence, because most of the lac+ gal-hybrids which remained virulent had lost such specificity.
This preliminary screening of various S. flexneri hybrid classes clearly indicated that a locus responsible for virulence, as operationally defined by the Sereney test, is genetically linked to the lac-gal chromosomal segment.
To position further the kcpA locus, we sought to isolate by NTG mutagenesis a derivative of Hfr H which was mutated in the purE locus, this marker being located in the lac-gal chromosomal segment (17) . One of the mutants, termed G108-3, behaved sexually as a typical Hfr H, and in addition to requiring adenine for growth was also thi-. We next established that the adenine requirement of G108-3 was due to a mutation in the purE locus. Hfr G108-3 was mated with S. flexneri 191b recipients, and selections were made for donor lac+ and gal+ markers on medium containing or lacking adenine. Hybrids which had or had not inherited the ade-locus of the G108-3 donor could thus be studied (Table 3) . In general, when selections were made for lac+ or gal+ hybrids in the presence or absence of adenine, the frequency of recombination was approximately 10-5, expressed as the number of hybrids per donor cell. The high genetic linkage of the donor ade-locus to gal and lac loci led us to the conclusion that G108-3 is mutated in its purE locus. This conclusion was supported by cross-over analysis which positioned this mutation between the lac and gal loci, a region previously assigned for purE (16) . Furthermore, episomal transfer of the F'1 3 merogenote, which encompasses the purE locus to G108-3, resulted in adenine independence.
Hybrids of different genotypic classes derived from matings of E. coli Hfr G108-3 with S. flexneri 191b were next tested for their ability to cause keratoconjunctivitis. It is evident ( Table 4) that, whenever the purE-locus of E. coli is incorporated into the S. flexneri genome, the resultant hybrids are uniformly avirulent by the Sereney test (see hybrid classes B, C, and F). Moreover, hybrid classes that have retained their native S. flexneri purE+ allele (see classes A, D, and E) for the most part retain their ability to cause keratoconjunctivitis. On the basis of these findings, we conclude that the kcpA locus, concerned with epithelial cell penetration of S. flexneri, is closely linked to the purE allele.
It is well known that purine-requiring stains of Salmonella typhosa and other enteric bacteria are often avirulent (9, (10) (11) (12) (13) Genetic analysis of a purE-virulent S. flexneri. During the course of these studies, we isolated a virulent purE S. flexneri mutant (strain G252-2) for the purpose of separating genetically the virulence phenotype from the purine-dependent phenotype. This S. flexneri strain was now mated with Hfr strain AT9, (met-, ribonuclease-) selections being made for adenine independence (purE+ donor alleles) and lactose utilization (lac+ donor alleles). The results of Sereney tests performed with different hybrid classes are presented in Table 5 . Hybrid classes which retained purE-chromosomal segment of the virulent recipient were found to remain virulent (class D). In contrast, hybrids which incorporated the purE+ donor segment (classes A, B, C, E, and F) were, for the most part, avirulent (4 of 52 retained virulence).
We also carried out experiments which involved the transduction of mutant S. flexneri 2a strain 256-2 (purE-) to purine independence by using P-1 phage propagated on either E. coli K-12 or S. flexneri strain M42-43. Nineteen of 62 clones (34%) transduced to purine independence by P1 grown on E. coli were avirulent, whereas all of 10 clones similarly transduced by phage grown on virulent S. flexneri caused keratoconjunctivitis. they had been cotransduced for the S. flexneri kcpA+ locus. Since these transductants failed to provoke keratoconjunctivitis, genetic analyses were used to determine whether the kcpA locus was present. These derivatives were mated with virulent S. flexneri 191-B gat-, and five gal+ hybrids from each cross, which also inherited the unselected E. coli lac+ locus, were tested for their ability to provoke a positive Sereney test. Previous studies on this class of hybrid, prepared by mating E. coli Hfr H with virulent S. flexneri 191b, revealed this class to be uniformly avirulent (see Table 4 ). Of the four purEe transductants of Hfr Hayes tested by this mating procedure, three yielded lac+ gal+ 191b hybrids which were uniformly avirulent (none of five hybrids from each mating gave a positive Sereney test) and thus appeared not to have the S. flexneri kcpA+ locus after transduction of the S. flexneri purE+ allele. We previously employed intergeneric conjugation between E. coli K-12 Hfr donors and virulent S. flexneri recipients to prepare hybrids which are altered in their virulence (4) . In such studies, vurulence was measured by the ability of hybrids to cause a fatal enteric infection in starved VOL. 3, 1971 or carbon tetrachloride-treated guinea pigs. After investigation of hybrid classes of S. flexneri containing segments of E. coli chromosome covering about 50% of the genome, only those which incorporated the E. coli xyl-rha chromosomal region were consistently altered to virulence, failing to cause death of infected animals. Subsequent studies showed that the loss of virulence was caused not by an inability of hybrid cells to penetrate the epithelial cells of the intestinal mucosa but, rather, by an inability of the bacterial cells to multiply sufficiently in epithelial layers after penetration (8) . Thus, this S. flexneri hybrid still retained its property of penetrating mucosal cells, the primary step in the pathogenesis of bacillary dysentery. In the present communication, we have summarized experiments concerned with this essential property of virulent S. flexneri and have identified a genetic locus on the S. flexneri chromosome which controls epithelial cell penetration. Unlike our previous work, in which we employed the guinea pig model to assess virulence, the present study is based on the use of the Sereney test for keratoconjunctivitis as a model for detecting epithelial cell penetration. Our experience from previous work indicated that the guinea pig model is not suited for testing a wide variety of strains. We therefore chose the Sereney test because of its convenience in screening large numbers of strains and also because the results obtained from it correlate well with the ability of strains to penetrate the intestinal epithelium as revealed by fluorescent antibody microscopy.
The present investigation establishes a locus on the genome of S. flexneri which controls its ability to evoke a positive Sereney test. The locus, which we have termed kcpA in reference to its involvement in provoking keratoconjunctivitis, has been mapped between the lac and gal chromosomal markers in close proximity to the purE allele. This conclusion is based on both conjugational and transductional analyses. We observed that S. flexneri 2a hybrids which received the lac-gal chromosomal segment from various E. flexneri purE-kcpA+ with lysates of P1 vir grown on purE+ kcpA-E. coli K-12 yielded a significant proportion (38%) of purE+ transductants which also inherited the kcpA-allele, thus becoming unable to evoke keratoconjunctivitis. Likewise, in transductions to avirulent S. flexneri purEF kcpA-recipients with lysates propagated on virulent purE+ kcpA+ S. flexneri M42-43, a high proportion (68%) of the purE+ transductants regained the ability to cause keratoconjunctivitis (i.e., became kcpA+). Indeed, by such transduction procedures we have been able to construct an E. coli Hfr Hayes derivative which has as part of its genome the kcpA+ locus of S. flexneri. This E. coli strain does not penetrate corneal epithelial cells, thus supporting our suspicion that other loci are involved in the control of this process. The presence of the kcpA+ allele in this E. coli Hfr donor could, however, be readily demonstrated by genetic transfer to appropriate kcpA-recipients.
Since many of the hybrids which lost their ability to cause a positive Sereney test had also acquired a purine requirement for growth, we were concerned with the possibility that purine dependence could be related to the failure to penetrate cells. Several years ago we and others demonstrated that purine-requiring strains of a variety of bacterial species were avirulent for laboratory models if purine was absent at the site of inoculation, usually the peritoneal cavity (2, 3, 5, 6, 9) . Reversion to purine independence restored the virulence of these organisms for these models. The route of infection obviously is important. For instance, purine-requiring strains of Vibrio cholerae are avirulent if injected intraperitoneally, because in this region purines are not present in sufficient amounts to support bacterial multiplication. However, when fed to experimental animals, these same strains may be just as pathogenic as purine-independent organisms, since purines are present in the intestines in sufficient amounts to support growth (6) .
At this stage of the present study, the requirement for purine on the part of our hybrids did not appear to be responsible for the loss of virulence (i.e., cell penetration) for the following reasons. First, fluid from the conjunctival sac of guinea pigs adsorbed on filter paper discs stimulated the growth of purine-dependent organisms, thus indicating that purines are present in conjunctival fluids. Secondly, avirulent hybrids did not become virulent when they reverted to the purine-independent state. Likewise, a purine-requiring hybrid which was transduced to purine independence by Pl phage grown on E. coli remained avirulent, whereas the same hybrid regained its ability to cause keratoconjunctivitis if transduced to purine independence by P1 phage grown on virulent wild-type S. flexneri 2a.
This concern over separating the requirement for purine per se from virulence was obviated when we isolated purine-requiring S. flexneri 2a mutants which maintained their potential to cause keratoconjunctivitis. One such strain was shown to be defective in the purE locus by linkage analysis following recombination and by use of the F'13 episome carried by an E. coli K-12 strain. Thus, the situation with S. flexneri avirulence was exactly opposite from the results cited above as far as relationship between virulence and the requirement for purine is concerned.
At the present time, the nature of the alteration to S. flexneri cells which results in a loss of penetrating ability and, hence, virulence remains obscure. Because conjunctival fluid contains lysozyme, we considered the possibility that S. flexneri kcpA-avirulent hybrids were more sensitive to lysozyme digestion than virulent S. flexneri. Recent experiments, however, tend to exclude this hypothesis for explaining the loss of virulence. Unlike E. coli K-12 which is sensitive to lysozyme (17), kcpA-, nonpenetrating S. flexneri hybrids appear as resistant to lysozyme as their virulent S. flexneri parent.
From the present study employing the Sereney test, only a single locus controlling epithelial cell penetration has been discovered. The behavior of these hybrids in regard to epithelial cell penetration is currently being investigated in other model systems. In addition, since E. coli K-12 hybridized with the kcpA+ allele of S. flexneri do not evoke keratoconjunctivitis, other genetic loci must be involved in this process. Attempts to establish identity of other loci are being made. The knowledge of such loci potentially controlling virulence will prove useful in constructing safe, living, attenuated shigella vaccines.
